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RADIANCE OF THE EARTH AND ITS LIMB 

I N  THE MIDDLE ULTRAVIOLET 

By W i l l i a m  C. Hrasky and Thomas B. McKee 
Langley Research Center 

SUMMARY 

The equation f o r  t h e  calculated radiance i n  t h e  middle u l t r av io l e t  region 
( 0 . 2 0 ~  t o  0 . 3 0 ~ )  emerging from t h e  top of a 200-kilometer-thick spherical  
atmosphere i s  derived from t h e  geometry and physics of Rayleigh sca t te r ing  and 
ozone absorption. The radiance i s  t h a t  which would be seen by a hypothetical  
observer 400 kilometers above t h e  ear th .  The radiance i s  calculated f o r  various 
wavelengths and sun or ien ta t ions  f o r  planar scans across t h e  ea r th ' s  disk.  
various atmospheric phenomena af fec t ing  the  r e su l t s  a r e  shown and discussed. 

The 

INTRODUCTION 

Many attempts have been made t o  calculate  expected values of t he  ea r th ' s  
radiance due t o  sca t te red  so la r  radiat ion.  
i t i v e  treatment of t h e  expected radiance emerging from a plane-paral le l  atmos- 
phere due t o  multiple sca t te r ing .  This method i s  based on t h e  theo re t i ca l  
treatment derived by Chandrasekhar ( r e f .  2 ) .  Coulson, Dave, and Sekera ( ref .  3 )  
have published t ab le s  giving the  normalized radiance due t o  sca t te r ing  f o r  
various op t i ca l  depths again f o r  a plane-parallel  atmosphere. 

Coulson ( r e f .  1) has given a defin- 

When absorption i s  included, t he  problem i s  modified. Green ( re f .  4) has 
0 0 

spec i f i ca l ly  investigated t h e  middle u l t r av io l e t  radiance (2000 A t o  3000 A )  
due t o  primary sca t te r ing  and ozone absorption i n  a plane-paral le l  atmosphere. 

These s tudies  were f o r  plane-parallel  atmospheres and therefore  apply only 
approximately t o  the  curved atmosphere of t h e  earth; they do not apply a t  all 
t o  t h e  problem of determining t h e  brightness due t o  sca t t e r ing  at  the  limb as 
seen from a spacecraft .  

The present paper gives an analysis  of the  rad ia t ion  scat tered from a 
curved atmosphere f o r  the  spec ia l  condition i n  which the  rad ia t ion  i s  so strongly 
absorbed by the  atmosphere that only the primary sca t te r ing  i s  s igni f icant .  
atmosphere used w a s  i dea l ly  c l ea r  and composed only of molecules. 
so l a r  radiat ion w a s  presumed t o  be unpolarized. Polar izat ion of scat tered 
l i g h t  w a s  not included i n  the calculat ions.  The spec i f ic  appl icat ion of t h i s  

The 
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study i s  t o  t h e  sca t te r ing  of t h e  middle u l t r a v i o l e t  and i s  thus re la ted  t o  t h e  
study of reference 4 f o r  a plane-parallel  atmosphere. 

The appropriate equations are derived and discussed, and solut ions are 
presented f o r  various so la r -spa t ia l  configurations. This report  invest igates  
t h e  physical phenomena causing changes i n  t h e  various scans. 
Green a r e  shown for s i m i l a r  conditions. 

Comparisons with 

length of a l i ne ,  a rb i t r a ry  un i t s  

base of Naperian logarithms 

so la r  spec t ra l  i r radiance incident on atmosphere, w/cm2-p 

spec t ra l  i r radiance incident on sca t te r ing  element from attenuated 
so la r  beam, w/cm 2 -p 

a l t i t u d e  of observer, km 

tangent a l t i t u d e  of a l i n e  of s igh t  from surface of earth,  km 

a l t i t u d e  of a sca t te r ing  element on a l i n e  of sight,  km 

in t ens i ty  emerging from a medium of thickness L, w/cm2 

in t ens i ty  incident on a medium, w/cm 

spec t ra l  ozone absorption coef f ic ien t  f o r  base e, cm-l 

2 

at tenuat ion coeff ic ient ,  inverse u n i t s  of L 

spec t ra l  Rayleigh sca t te r ing  coeff ic ient  f o r  base e, km-I 

op t i ca l  thickness of rad ia t ion  path i n  a medium, a rb i t r a ry  un i t s  

sca t te r ing  op t i ca l  thickness encountered on path in to  atmosphere, km 

sca t te r ing  op t i ca l  thickness encountered on path out of atmosphere, km 

sca t te r ing  op t i ca l  thickness of  s ca t t e r ing  element, Ism 

number density of atmosphere, molecules/cm3 

spec t ra l  radiance emerging from atmosphere along a l i n e  of s ight ,  
w/cm2- steradian-p 

element, w/cm2-steradian-p 
spec t ra l  radiance emerging from atmosphere due t o  a sca t te r ing  



N;; spec t ra l  radiance emerging from a sca t te r ing  element i n  d i rec t ion  of 
l i n e  of s ight , w/cm2- s t e r d i  an- p 

n index of re f rac t ion  

Q 

p(cos +) 

t o t a l  "effect ive m a s s "  along a path, g/km2 

sca t te r ing  phase function which determines angle dependence of 
sca t te r ing  

R radius of t h e  earth, 6,375 lan 

S length along a path, a rb i t r a ry  un i t s  

T op t i ca l  thickness a t  an a l t i tude ,  km 

V a l t i t u d e  of a point along a path, km 

X,Y, = rectangular Cartesian coordinates, a rb i t r a ry  un i t s  

U angle made with a l o c a l  v e r t i c a l  by a path at  a l t i t u d e  h' ,  deg 

PO 

Pn 

I- 

P 
$0 

* 

angle between a l o c a l  v e r t i c a l  and t h e  var iable  a l t i t u d e  l i n e  

elemental increment of a l t i t u d e  along l i n e  of sight,  km 

zenith angle of a l i n e  of s igh t  at observer ( f i g .  2), deg 

zenith angle of l i n e  of s igh t  a t  sca t te r ing  element m ( f i g .  2), deg 

zenith angle of sun at  observer ( f i g .  2), deg 

zenith angle of sun at  a sca t te r ing  element ( f i g .  2), deg 

wavelength, microns (or p) 

e f fec t ive  density, g/km3 

atmosphere densi ty  a t  sea level ,  g/km3 

depolarization f a c t o r  

ozone density at N", cm/km 

east-of-north azimuth of l i n e  of s igh t  ( f i g .  3), deg 

east-of-north azimuth of sun ( f i g .  2), deg 

sca t te r ing  angle ( f i g .  2 ) ,  deg 

v, deg 

u) absorption op t i ca l  thickness of ozone encountered by incoming 
radiation, cm 
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(I)' absorption op t i ca l  thickness of ozone encountered by outgoing 
radiation, cm 

Subscripts: 

any in teger  

r e f e r  t o  l i nes  1 and 2 i n  f igures  3 and 4 

GEOME!I'RY OF "FIE PR0BL;EM 

scan i s  defined as one sweep of an observer 's  l i n e  0, s ight  across t h e  
planet i n  a plane ( f ig .  1). For purposes of c l a r i t y  i n  discussing a scan, it 
i s  assumed t h a t  t h e  scan begins at  t h e  southern limb and terminates at  t h e  
northern limb. Actually, t h e  geometry i s  such t h a t  a north-south plane i s  not 
necessary . 

I n  t h i s  section, t he  basic  geometric parameters t o  account f o r  t he  spher- 
i c a l  atmosphere are derived. 
l i n e  of sight, t h e  sca t te r ing  angle at  a sca t te r ing  element, and the  zenith 
angle of t h e  sun. 

These parameters are t h e  t angen t  a l t i t u d e  o f  a 

Tangent Alt i tude 

Each scan i s  composed of many l i n e s  of s igh t  defined by 0 ,  the  zenith 
angle of t h e  l i n e  of s igh t  at t h e  observer. Figure 2 shows the  geometry of one 
l i n e  of sight. 

L_ 

Here PDBC i s  a l i n e  of s ight  w i t k t h e  observer at  point P. Point A i s  the  
center of t h e  earth; therefore,  l i n e  Ap is  the  l o c a l  v e r t i c a l  a t  P. On every 
l i n e  of s igh t  there  e x i s t s  a point B such t h a t  t h e  angle ABP i s  a r igh t  angle. 
The a l t i t u d e  of t h i s  point i s  ho. By inspection of triangle ABP it i s  seen 
t h a t  

R + h, 
R + h  

s i n  0 = 

and 

ho = ( R  + h ) s i n  8 - R (2) 

where h i s  t h e  a l t i t u d e  of t h e  observer and R i s  t h e  radius of t h e  ear th .  

Scattering Angle 

If a l i n e  of any or ien ta t ion  E i n t e r sec t s  t he  l i n e  of s ight  at =me 
point D, t h e  angle @ 
Line d i rec t ion  i s  indicated by arrows i n  f igu re  2. If PE' i s  drawn through 

i s  t h e  change of d i rec t ion  of E - at D t o  l i n e  DP. 
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point P and p a r a l l e l  - t o  DE, it w i l l  i n t e r sec t  t h e  
angle, I#. Line PE' can now be assigned a zenith 

l i n e  of s igh t  a t  t he  same 
angle 8, and an azimuth fro. 

The l i n e  of sight has a zenith angle of 8 and an azimuth of #. (See 
f i g .  3.) 
between t h e  l i n e  of s ight  and PE' can be found. From analyt ic  geometry it i s  
known t h a t  

Since t h e  azimuth and - zenith angle of both l i n e s  a r e  known, the  angle 

By re fer r ing  t o  figure 3, it can be seen t h a t  

x1 = - s in  eo cos( fi0 - 9 0 j  

21 = cos 0, I 
Id11 = 

x2 = -s in  0 s i n  # 

y2 = - s in  e cos # 

22 = cos 8 
I 

J 
(4) 

( 5 )  

Id21 = J 
If equations (4)  and ( 5 )  are subst i tuted in to  equation ( 3 ) ,  t h e  resu l t ing  equa- 
t i o n  i s  

cos = - s i n  eo s i n  go s i n  e s i n  fi - s i n  eo cos fi0 s i n  0 cos fl - cos 0, cos 0 

( 6 )  

By moving t h e  l ines  i n t o  various quadrants, it i s  seen t h a t  equation (6)  holds 
f o r  a l l  quadrants. 

Solar  Zenith Angle 

From figure 2 it can be seen t h a t  the l i n e B  is  t h e  l o c a l  v e r t i c a l  of 
point D. The l i n e  DE m a k e s  an angle 0; with AD. To f i n d  a relat ionship f o r  
e:, it i s  necessary t o  r e f e r  t o  f igure  4. 
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I n  f igure  &(a) ,  i f  it i s  a s e e e t h a t  t he  Y-axis i s  t h e  l i n e  - of sight,  
point P i s  on the  l i n e  of s igh t  PC, PA i s  t h e  l o c a l  ve r t i ca l ,  and PE' i s  the  
l i n e  p a r a l l e l  t o  DE (defined i n  f i g .  2), then 

COS ( 180° - e o )  = 
x(R + h ) s i n  e + y(R + h)cos 8 

R + h  
- - - __ ~~ -~ 

and 

COS eo = -x s i n  e - y cos e 

I n f i g u r ~ 4 ( b ) ,  i f  it i s  assumed t h a t  t he  same coordinate system and 
l i n e s  AD and DE a re  as defined i n  f igu re  2, it i s  seen t h a t  

x(R + h ' ) s i n  e + y(R + hl)cos e 
c o ~ ( 1 8 0 ~  - e;) = 

R + h '  

( 7 )  

(9)  

and 

cos e: = -x s i n  e '  - y cos e '  (10) 

By referr ing t o  f igu re  2 and t r i a n g l e  APD, it is  found t h a t  

I n  f igure  4(c),  i f  it i s  assumed tha t  t h e  same coordinate system i s  used 
as i n  f igure  4(b),  it i s  seen t h a t  

Subst i tut ion of equation (12) i n t o  equation (8) gives 

cos eo = -x sin 0 - cos I) cos 8 

The equation f o r  x obtained from equation (13) i s  

COS e o  + COS I) COS e 
x = -  

s i n  e 

If equations (14) and (12) a re  subs t i tu ted  i n t o  equation (lo), t he  resu l t ing  
equation i s  

(15) 
, COS eo s i n  e '  + COS I) COS e s i n  8 '  

COS eo = - -- - COS ~r COS e l  
s i n  e 
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There a re  now three var iab les  of t he  geometry determined: &, $, and 9;. 
What i s  more important, a l l  are re la ted  t o  one variable,  t he  zenith angle 8. 

SCATTERING AND ABSORPTION 

Rayleigh sca t te r ing  holds t o  Beer's l a w .  The absorption problem w a s  
investigated and t h e  assumption w a s  made t h a t  t he  absorption i n  t h i s  study held 
t o  Beer's l a w ,  a l so .  According t o  Beer's l a w ,  i f  a beam of in t ens i ty  Io 
passes through a medium of path length L and an at tenuat ion coeff ic ient  K, 
t h e  in t ens i ty  of t h e  beam emerging from t h e  medium i s  
ence 5 and i n  t h e  notation of t h e  present paper 

I, where from refer- 

-KL I = Ioe 

Attenuation i s  the  diminishing of t h e  beam in t ens i ty  by t h e  medium; it may 
be due t o  absorption alone or t o  both absorption and sca t te r ing .  
t i o n  i s  due t o  both absorption and scat ter ing,  

If attenua- 

K = kh + jh 

where Q i s  t h e  sca t te r ing  coef f ic ien t  and jh i s  the  absorption coeffi-  
c ient .  I n  t h i s  problem, kh i s  t h e  Rayleigh sca t te r ing  coeff ic ient  defined 
by (ref.  6 )  

and jh i s  t h e  ozone absorption coef f ic ien t .  

Figure 2 shows t h e  path of t h e  radiat ion within t h e  geometry of the prob- 
lem. The p a r a l l e l  incident so l a r  radiat ion en ters  t he  atmosphere and i s  at ten-  
uated on i t s  way t o  t h e  sca t te r ing  element on t h e  l i n e  of s igh t  by t h e  scat-  
t e r ing  op t i ca l  thickness M and the  absorption op t i ca l  thickness LU of t h e  
atmosphere. 
of t he  sca t te r ing  element m out of t h e  incident beam has t h e  d i rec t ion  of t h e  
l i n e  of s igh t .  The sca t te red  rad ia t ion  i s  fu r the r  attenuated by t h e  outgoing 
sca t te r ing  op t i ca l  thickness M' and t h e  outgoing absorption op t i ca l  thick- 
ness w '  u n t i l  it emerges from t h e  top  of t h e  atmosphere. 

Some of t h e  rad ia t ion  sca t te red  by t h e  sca t te r ing  op t i ca l  thickness 

The op t i ca l  thicknesses, along with t h e  physics of sca t te r ing  at the  scat-  
tering element, and t h e  u l t i m a t e  emerging radiance are now examined. 
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Optical Thicknesses 

It i s  important t o  know how t o  determine these op t i ca l  thicknesses, M, 
M', cu, and u t .  From f igure  5 it i s  seen t h a t  these a r e  the  key values i n  
applying the  problem t o  a spherical  atmosphere. 

Figure 5 shows an a r b i t r a r y  path i n  the  atmosphere down t o  a cer ta in  
a l t i t u d e  h ' .  The path makes an angle a with the  l o c a l  v e r t i c a l .  It i s  
necessa ry to  f i n d  the  t o t a l  "effect ive at tenuat ion m a s s "  along t h i s  path.  
general  problem i s  t r ea t ed  i n  r g e r e n c e  7. If Q i s  the  e f fec t ive  m a s s  per 
un i t  area, then along t h e  path ED 

The 

where p i s  densi ty  a t  ds. Since p i s  a function of a l t i t u d e  v, then by 
changing var iab les  it i s  seen t h a t  

where t h e  e f f ec t ive  upper a l t i t u d e  was found t o  be 200 kilometers. From tri- 
angle DCA i n  f igure  5, it can be seen t h a t  

s i n  p = (R R + v  + " ')sin a 

If equation (21) i s  subs t i tu ted  in to  equation ( 2 0 ) ,  t he  resu l t ing  equation i s  

r 200 - 

However, Q i s  t h e  e f f ec t ive  m a s s ,  not t he  o p t i c a l  thickness.  If op t i ca l  
thickness T 
sea l e v e l  at normal temperature and pressure (N") and have the  same e f fec t ive  
mass, than equation (22) becomes 

i s  defined as t h a t  length of path which would be t raversed a t  

where po i s  the  densi ty  a t  sea l eve l .  

and 5 t h a t  t h e  angle a i s  e i t h e r  8 '  or depending on whether path E 
o r  path i s  used. 

It can be seen by comparing f igures  2 
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If M i s  t h e  sca t te r ing  o p t i c a l  thickness of t he  incoming path, as seen 
m, then i n  f igure  2, which makes an angle of 13; with t h e  local v e r t i c a l  of 

I n  t h i s  study F(V) values a r e  taken from reference 8. 

For LO, t he  values of t he  ozone concentration T(V)  a r e  taken from ref-  
erence 9.  
a t  a pa r t i cu la r  a l t i t u d e  (cm/km). Therefore, LO has %he form 

These values a r e  i n  absorption op t i ca l  thickness per  a l t i t u d e  change 

The sca t te r ing  element l i e s  along t h e  l i n e  of sight, as i n  f igure  2. For 
any sca t te r ing  element on t h e  l i n e  of sight,  it i s  seen t h a t  

If t r i a n g l e  ADB i n  f igu re  2 i s  examined and the  l a w  of s ines  i s  used, t he  
resu l t ing  equation i s  

( 2 7 )  ( R  + h ' ) s i n  0 '  = R + h, 

Squaring equation (27) and subs t i tu t ing  the  r e s u l t  i n t o  equation (26) gives 

m =  1 - 
PO R + h o 2  

+ - ( R + v )  

Since both M' and LO' l i e  along t he  l i n e  of sight,  then 

Jh'S-Llh' /- 
R + v  
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and 
200 

R + v  

By looking at f igu re  2 it is  seen t h a t  equations ( 2 9 )  and (SO) are correct  
only i f  m l i e s  between points  B and P. If m l i e s  on t h e  other  s ide  of B, 
w' 
meters - t h a t  is, 

equals t he  in tegra t ion  from m t o  point B and then from B t o  200 ki lo-  

1 M' = - 
PO 

and 

sh'-" h0 

1 

+ 

T(V)dV + r2O0 T(V)dV .~ . -  

I 
~ 

Emerging Radiance 

The problem now i s  t o  t r a v e l  t h e  path of t h e  radiat ion and ana ly t ica l ly  
formulate the  radiance equation as t h e  path i s  t raversed.  
defines t h e  spec t r a l  i r radiance incident on m 
dent so l a r  beam by sca t te r ing  and absorption as 

Beer's l a w  (eq. 16 ) )  
a f t e r  a t tenuat ion of t h e  inc i -  

where HA i s  the  so l a r  spec t r a l  i r radiance at  t h e  top of t he  atmosphere. 

Radiation i s  sca t te red  out of t h e  incident beam by m. The f r ac t ion  of 
t he  incident rad ia t ion  sca t te red  by m i s  kAm. 

According t o  Chandrasekhar ( r e f .  2) ,  t h e  d i s t r ibu t ion  of Rayleigh scat-  
t e r ed  l i g h t  follows a phase function 

p(c0s 9 )  = Z(1 + COS2*) 4 (34) 

Tne angle 9 i s  the  sca t te r ing  angle defined by equation (6).  The coef- 
f i c i e n t  3/4 
grated over 431 steradians,  t he  r e s u l t  w i l l  bejunity.  

i s  a normalizing f a c t o r  such t h a t  i f  the  phase function i s  in te -  

10 



It can now be sa id  t h a t  t h e  spec t r a l  radiance I$ emerging from m along 

I t h e  l i n e  of s ight  toward point P i s  

A s  t h i s  radiat ion t r a v e l s  from m t o  t h e  top  of t h e  atmosphere 
of sight,  it i s  again attenuated by sca t te r ing  and absorption. 
spec t r a l  radiance, % emerging from t h e  top  of t h e  atmosphere 

-kh(M+M1)- jh(Luhu') 
N i  = 3(1 + C O S Q ) ~  kAmHhe 4: 4?l 

If t h e  contributions from each 
t o t a l  spec t ra l  radiance Nh i s  

mi along t h e  l i n e  of s igh t  are 

along t h e  l i n e  
Theref ore, t h e  
due t o  m i s  

(36 )  

summed, t h e  

Equation (37) i s  t h e  fundamental equation of t h i s  calculat ion.  
s ion w a s  evaluated on t h e  IBM 7090 electronic  data  processing system. 

This expres- 

CALCULATm RESULTS 

The program charac te r i s t ics  are discussed i n  t h i s  section. The typ ica l  
scan has been separated i n t o  t h e  nadir  and t h e  limb f o r  discussion purposes. 
The contributions from various segments of t h e  atmosphere t o  t he  emerging 
radiance are  a l s o  investigated.  

Machine Inputs 

I n  t h e  machine solut ion of equation (37) t h e  1959 ARDC model atmosphere 
w a s  used; t h i s  atmosphere w a s  terminated a t  200 kilometers. The Ah' used 
w a s  4 kilometers. 
approximation. 

The in tegra t ions  were car r ied  out  by use of a Gaussian 

The sca t te r ing  and absorption coef f ic ien ts  used a r e  shown as a function 
of wavelength i n  f igu re  6. These coef f ic ien ts  were taken from reference 9. 
According t o  t h i s  reference (pages 16-21) t h e  ozone absorption coeff ic ients  
were determined by Inn and Tanaka. The sca t te r ing  coef f ic ien ts  were determined 
by using 
which i s  
i t s  peak 

equation- (18). 
approximately proportional t o  
a t  0.2551-1.. The curve i s  f a i r l y  symmetrical about t he  peak. 

The sca t te r ing  curve shows t h e  typ ica l  Rayleigh shape 
The ozone absorption curve shows 

11 



The ozone d is t r ibu t ions  used t o  calculate  cu and u)' were taken from 
reference 9 and are shown i n  f igure  7. Curve A w a s  a measured d i s t r ibu t ion  
taken at l a t i t u d e  18O31' N.  
tude 69O40' N. 
above 80 kilometers. 
t i o n  used by Green ( r e f .  4) .  

Curve B w a s  a l so  measured and w a s  taken a t  l a t i -  
For both d is t r ibu t ions  t h e  ozone concentration w a s  negl igible  

Also included i n  t h e  f igure  f o r  comparison i s  a d is t r ibu-  

The so la r  spec t r a l  i r radiance used as t h e  i n i t i a l  radiat ion input t o  the  
calculat ion w a s  taken from reference 9. These values a r e  presented i n  the  
f a i r e d  curve i n  f igure  8. 

The extension of t h e  computer program t o  t h e  near u l t r av io l e t  and v i s i b l e  
regions i s  r i sky  without adding the  phenomena of multiple sca t te r ing  and ear th  
re f lec t ions  t o  t h e  calculations.  Any wavelength which can penetrate t o  t h e  
ea r th ' s  surface and which i s  shorter  than about 0.6~ must have multiple scat-  
t e r ing  and ear th  re f lec t ions  included. The region within the  f i rs t  10 ki lo-  
meters above the  ear th  i s  the  s ign i f icant  multiple sca t te r ing  contributor t o  
t h e  radiance. 

Another aspect of extending t h e  program i s  the  problem of atmospheric 
refract ion.  Fortunately, most of t h e  middle u l t r a v i o l e t  region never ge t s  
i n to  the  extremely dense portion of t h e  atmosphere where re f rac t ion  becomes 
important when looking tangent ia l ly  t o  t he  limb (ref. 10). 
f o r  t h e  near u l t r av io l e t  o r  v i s ib l e  region which does penetrate below 
15 kilometers . 

This i s  not t r u e  

Nadir of t h e  Scan 

The nadir  pa r t  of any scan ( 0  = O o )  i s  especial ly  in te res t ing  because the  
outgoing op t i ca l  thickness can be held constant while a l l  t he  other  parameters 
a re  varied.  P lo t ted  i n  f igure  9 a re  t h e  nadir  radiance values f o r  each wave- 
length with various ozone d is t r ibu t ions  and so la r  posit ions.  

Green's "standard" ozone d i s t r ibu t ion  ( r e f .  4 )  with t h e  sun a t  the  zenith 
i s  a l s o  included i n  f igure  9. The curves with the  same sun posi t ion and d i f -  
fe ren t  ozone curves show t h e  e f f ec t  of ozone d is t r ibu t ion .  Also shown are t h e  
measurements made i n  t h i s  region by Hennes ( ref .  11) and those reported i n  
reference 12. Green used a n  empirical expression t o  represent h i s  ozone d is -  
t r ibu t ion .  He then carr ied t h e  ozone r igh t  t o  t h e  top of h i s  atmosphere. A s  
s t a t ed  previously, t h e  ozone d is t r ibu t ions  used herein were ins igni f icant  above 
80 kilometers. The difference i n  these two approaches can be seen i n  f igure  9. 
Since there  w a s  more ozone i n  d is t r ibu t ions  A and B above 30 kilometers 
( f i g .  7), t h e  curves of f igure  9 f e l l  below Green's "standard" i n  the  region 
of high absorption. The reason f o r  t he  increase over Green's curve a t  wave- 
lengths grea te r  than 0 . 2 8 ~  i s  t h a t  below 20 kilometers Green's d i s t r ibu t ion  had 
more ozone, as seen i n  f igure  7, and therefore  less radiat ion was sca t te red  out 
of t h i s  region i n  Green's d i s t r ibu t ion .  

go = 180~) caused a drop The change i n  t h e  posi t ion of t h e  sun (0 ,  = 45O, 
i n  nadir  radiance at  all wavelengths as seen i n  f igure  9. This drop w a s  t h e  
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r e s u l t  of increasing t h e  op t i ca l  thickness within the  atmosphere through which 
t h e  incident so l a r  radiat ion had t o  pass before being scat tered and of 
decreasing t h e  magnitude of t h e  phase function. 
w a s  lengthened, more ozone w a s  encountered and more absorption occurred. When 
t h e  sun w a s  a t  t h e  zenith, t h e  f ac to r  
angle of t h e  sun increased t o  45', t h e  f ac to r  1 + cos% became 1.5. The 
change i n  t h e  sca t te r ing  angle alone resul ted i n  a 25-percent decrease i n  nadir 
radiance. 

Since t h e  op t i ca l  thickness 

1 + cos2$ w a s  2.0. When t h e  zenith 

I n  f igure  10 t h e  spec t ra l  radiance f o r  a scan of 0 . 2 6 ~  i s  shown as a func- 
t i o n  of zenith angle of t h e  look l i n e  f romthe  observer. The values of t h e  
f ac to r  1 + cos% are a l so  presented as a function of zenith angle i n  t h i s  

f igure .  The f ac to r  1 + cos% i s  then divided out of t he  radiance curve t o  
obtain t h e  curve iden t i f i ed  by the  dash-dot l i n e .  The minimum value f o r  t h e  
0 . 2 6 ~  scan ( e o  = 4 3 O ,  
removing'the $-effect, t h e  minimum value returned t o  the  0' zenith-angle posi- 
t i o n  i n  a l l  calculations performed it w a s  found t h a t  t he  posi t ion of t h e  minimum 
radiance value of a scan curve w a s  influenced by t h e  minimum value of t he  fac- 
t o r  1 + c o s 2 ~ .  

)do = 180°) occurred a t  a zenith angle of 35' S. After 

The Limb 

Another point t o  be made after studying t h e  scan curve ( f i g .  10) i s  t h a t  
t h e  northern m a x i m u m  value i s  l a rge r  than the  southern value. T h i s  e f f ec t  i s  
again due en t i r e ly  t o  t h e  $-effect. When t h e  curve without t he  $-effect i s  
examined, it I s  seen t h a t  t he  northern m a x i m u m  value i s  now less than the  south- 
ern value. This e f f ec t  i s  due t o  the  increased path t h e  so l a r  radiat ion must 
t r a v e l  t o  reach t h e  northern limb. Figclre 10 indicates  t h e  strong ef fec t  of $ 
on t h e  shape of t h e  scan curve. 

The curve of 1 + cos% i s  seen t o  drop t o  a minimum near t he  southern 
limb where the  sca t te r ing  angle J, approaches 90'. Near the  northern l i m b ,  
$ approaches 0' and, therefore,  a m a x i m u m  occurs. This e f f ec t  occurs, again, 
only when t h e  azimuth of t h e  sun i s  other  than 90' (when the  azimuth of t h e  sun 
i s  not perpendicular t o  t h e  scan). 

The peak o r  t h e  maximum value near  t h e  limb i s  caused by t h e  in te rac t ion  
of  two phenomena. 
begins t o  sweep toward t h e  earth, t h e  opt ica l  thickness within t h e  atmosphere 
of t h e  l i n e  of sight increases, and t h e  densfty of t h e  atmosphere through which 
t h e  l i n e  of sight i s  passing becomes greater .  This gives more and more con- 
t r i bu t ions  from sca t te r ing  t o  t h e  emerging radiance. 
a t tenuat ion due t o  sca t te r ing  and ozone absorption i s  becoming g rea t e r  before 
and after t h e  sca t te r ing  element as the scan approaches t h e  ear th .  While t h e  
l i n e  of sight is  above most of t h e  ozone and dense atmosphere, t h e  sca t te r ing  
contribution i s  dominant and a steady rise i n  radiance i s  seen. A t  some tangent 
a l t i tude ,  however, t he  l i n e  of s igh t  begins t o  pass through more dense atmos- 
phere with a g rea t e r  concentration of ozone; t h e  at tenuat ion e f f e c t  gains the  
dominance and a steady decline i n  radiance begins. 

A s  t h e  l i n e  of sight enters  t h e  top  of t h e  atmosphere and 

A t  t h e  same time, t h e  

Therefore, t h e  peak occurs 



, , . . ..... ___ .I, ... . 

at  t h e  a l t i t u d e  at  which t h e  sca t te r ing  contribution i s  dominant, but t h e  atten- 
uat ion e f f ec t  i s  about t o  become dominant. 

Since both sca t t e r ing  and absorption are dependent on wavelength, it is  
not surpr is ing t h a t  t he  a l t i t u d e  and the  radiance of  t h e  peak are wavelength 
dependent. The peak parameters are, of course, dependent on t h e  ozone and 
atmosphere density d is t r ibu t ion ,  also.  
various wavelengths, ozone dis t r ibut ions,  and sun or ientat ions.  Figure 12  
gives t h e  peak a l t i t u d e s  f o r  various wavelengths and ozone d is t r ibu t ions .  

Figure 11 gives t h e  peak radiances f o r  

, 

I n  f igure  11, it i s  seen t h a t  t h e  peak radiances f o r  t h e  extreme sun 
or ien ta t ion  ( B o  = 45O, 
8, = Oo. This r e s u l t  i s  due t o  t h e  $-effect increasing t h e  output of scat-  
t e r ed  radiat ion.  The change i n  t h e  tangent a l t i t u d e  at which peak radiance 
occurs i s  caused by d i f f e ren t  ozone d is t r ibu t ions  as seen i n  f igure  12. 
Between wavelengths of 0 . 2 4 ~  and 0 . 2 6 ~  the  radiance i s  not affected by the  
change i n  ozone d is t r ibu t ions  ( f i g .  11). 
absorption i s  t h e  grea tes t .  
affected.  It i s  evident from f igure  12  t h a t  t h e  same r e s u l t s  found f o r  t h e  
radiance are t r u e  f o r  t h e  peak a l t i t ude .  

fi0 = 1800) are  grea te r  than t h a t  f o r  t h e  zenith angle 

This i s  t h e  spectrum area where ozone 
The area of less ozone absorption i s  de f in i t e ly  

The peaks f o r  t h e  wavelength region between 0 . 2 4 ~  and 0 . 2 6 ~  occur above o r  
j u s t  below t h e  60-kilometer a l t i t ude .  
at  approximately 60 kilometers. Therefore, i n  t h e  extreme ozone sens i t ive  
region t h e  radiances and a l t i t udes  of t he  peaks are unchanged because they 
occur before t h e  two ozone d is t r ibu t ions  d i f f e r .  Since t h e  a l t i t udes  of t h e  
peaks of t h e  less sens i t ive  region occur lower than 60 kilometers, they a re  
e f fec t ive ly  a l t e r ed  by t h e  change i n  t h e  ozone d is t r ibu t ion .  With an increase 
i n  ozone, t h e  peaks occur at a higher a l t i t u d e  and, therefore,  t h e  radiance of 
t h e  peak i s  reduced. The e n t i r e  middle u l t r av io l e t  region has 
been integrated by using t h e  ozone d i s t r ibu t ion  curve A of f i gu re  7. 
tering curves show t h a t  t he  peak w i l l  occur at an a l t i t u d e  less than 20 kilo- 
meters. With the  ozone added, t he  peak occurs near 60 kilometers with much 
less radiance. It can be seen t h a t  upon t h e  addi t ion of more ozone above 
60 kilometers, t he  peak would occur at a higher a l t i t u d e  and have a smaller 
radiance. Thus, it i s  seen t h a t  t h e  peak radiance and i t s  a l t i t u d e  are strongly 
dependent on the  v e r t i c a l  d i s t r ibu t ion  of ozone. 

The ozone-distribution curves diverge 

(See f i g .  1 3 . )  
The scat-  

The a l t i t u d e  of t h e  peaks i s  a l so  e f fec t ive ly  changed by means of sun 
or ientat ion.  
thickness of t h e  rad ia t ion  path i n  passing through the  atmosphere. Near t h e  
southern limb, t h e  op t i ca l  thickness i s  smaller f o r  t he  extreme sun orienta- 
t i o n  ( B o  = 4 5 O ,  
northern limb, t he  op t i ca l  thickness i s  grea te r  f o r  t h e  extreme sun orienta- 
t i o n  than f o r  t he  zenith case. These differences cause t h e  op t i ca l  thickness 
t o  become l a rge r  at a higher o r  lower a l t i t u d e  depending on which l i m b  i s  
being considered. 

(See f i g .  14.)  This change i s  due t o  t h e  change i n  opt ica l  

Po = 1800) than f o r  t h e  zenith case ( 8 0  = O o ) .  Near the  

When the  observer's a l t i t u d e  i s  varied, t h e  l i n e s  of sight change with 
respect t o  the  sca t te r ing  angle I# and the  op t i ca l  thickness. T o  check t h i s  
effect ,  t h e  peak radiances and a l t i t udes  were compared f o r  observer a l t i t udes  
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of 225, 400, and 1000 kilometers. The r e su l t s  showed t h a t  t h e  change between 
t h e  225-kilometer a l t i t u d e  and the  1000-kilometer a l t i t u d e  w a s  SO small t h a t  
t he  e f f ec t  may be neglected when considering the  e f f ec t s  of t h e  other phenomena. 

merging Radiance 

I n  the  previous sect ion t h e  change i n  radiance and a l t i t u d e  of t he  radiance 
peaks due t o  changes i n  ozone d is t r ibu t ion  brought out t h e  in te res t ing  question 
of where t h e  basic  contributions t o  the  emerging radiance take place within the  
atmosphere. Figure 15 shows t h e  emerging radiance contributed from t h e  atmos- 
phere i n  segments from sea l e v e l  t o  various a l t i t udes .  If ozone curve A 
( f i g .  7) and 0 . 2 2 ~  wavelength ex i s t  f o r  t h e  nadir  when 
shows t h a t  t h e  segment from 0 t o  approximately 30 kilometers contributes nothing 
t o  t h e  spec t ra l  radiance. 
originated between 30 and 80 kilometers. 
molecular oxygen absorption band has i t s  long wavelength cut off at  about 0 .22~ ;  
therefore,  s ince O2 absorption w a s  not included i n  t h e  calculations, t h e  spe- 
c i f i c  a l t i t udes  mentioned f o r  0 . 2 2 ~  w i l l  be higher and t h e  radiance w i l l  be 
lower when t h i s  absorption i s  included. 

e o  = 00, then f igure  15 

All the  radiance emerging at a wavelength of 0 . 2 2 ~  
It should be remembered t h a t  t h e  

If a wavelength of 0 . 2 6 ~  i s  used, then figure 15 shows t h a t  a l l  t h e  radi-  
ance or iginates  i n  the  segment of t h e  atmosphere between approximately 40 and 
90 kilometers. The increase i n  t h e  a l t i t u d e  of t h e  lower l i m i t  of t he  effec- 
t i v e  segment over t h a t  of t h e  0 . 2 2 ~  wavelength i s  due, of course, t o  t h e  
increased absorption a t  0 . 2 6 ~ .  To get  a good idea of t he  t o t a l  radiance, t he  
measurement must be made a t  an a l t i t u d e  higher than 90 kilometers. 

An estimation of t h e  m a x i m u m  e r ro r  resu l t ing  from t h e  assumption t h a t  only 
primary Rayleigh sca t te r ing  occurs can be m a d e  by using t h e  information i n  f ig-  
ure 15. 
t o  30 kilometers contributes nothing t o  t h e  emerging radiance. It can then be 
sa id  t h a t  t he  e f fec t ive  atmosphere f o r  t h i s  wavelength i s  t h a t  region of t h e  
atmosphere above 30 kilometers. If only sca t te r ing  occurred i n  t h i s  e f f ec t ive  
atmosphere, t h e  e r ro r  due t o  multiple sca t te r ing  when primary sca t te r ing  i s  
assumed can be found by dividing t h e  values i n  column 4 by those i n  column 2 i n  
t a b l e  2.1 of reference 13 (p.  40). Some of t h e  values used were obtained from 
an extrapolation on t h e  s m a l l  value end of t h e  table ,  s ince some of t he  cal-  
culated values f e l l  i n  t h i s  region. 
1.18. Since absorption a l s o  takes  place i n  t h e  e f fec t ive  atmosphere, the  value 
i s  a c t u a l l y l e s s  and it can be assumed t h a t  a f a c t o r  of 1.18 i s  t h e  m a x i m u m  
e r r o r  possible.  

For a wavelength of 0 . 2 2 ~ ~  t h e  segment of t h e  atmosphere from sea l e v e l  

This e r ro r  i s  found t o  be a f ac to r  of 

For a wavelength of 0 . 2 6 ~  (see f i g .  l5), t h e  e f f ec t ive  atmosphere i s  at  a 
height of 40 kilometers and above. 
i s  a f ac to r  of 1.01. This value w a s  found as described previously f o r  a wave- 
length of 0 . 2 2 ~ .  

The m a x i m u m  e r r o r  due t o  multiple sca t te r ing  

The emerging rad ia t ion  at  0 . 3 0 ~  (see f i g .  l5), has an ef fec t ive  atmosphere 
which includes the  e n t i r e  atmosphere. 
t o r  of 3.04. 
ance values calculated.  

The m a x i m u m  e r r o r  i s  found t o  be a fac- 
For t h i s  wavelength caution m u s t  be used i n  evaluating t h e  radi- 
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For t h e  limb, t h e  peaks occur a t  such high a l t i t u d e s  t h a t  t he  radiat ion 
never reaches t h e  dense atmosphere where multiple sca t te r ing  i s  ef fec t ive .  

I n  examining f igure  15, it can be seen t h a t  sca t te r ing  contributes less 
than 1 percent t o  the  emerging radiance above 100 kilometers regardless of t h e  
wavelength used between 0.221-1 and 0.30~. 
t h e  model atmosphere t o  100 kilometers without s ac r i f i c ing  accuracy. 

Time could have been saved by reducing 

Plane-Parallel  Atmosphere 

O f  i n t e r e s t  a lso w a s  t h e  discrepancy between t h e  results from the  plane- 
p a r a l l e l  atmosphere and t h e  spherical  atmosphere, and where t h e  discrepancy 
became intolerable .  
and plane-parallel  atmospheres as a function of zenith angle f o r  t he  sun at  the  
zenith, Green's "standard" ozone dis t r ibut ion,  and a wavelength of 0.26~. The 
plane-paral le l  atmosphere w a s  approximated by assuming an extremely enlarged 
ear th  i n  t h e  computer program. I n  both calculat ions the  a l t i t u d e  of t h e  
observer w a s  held at  400 kilometers. 
a l t i tude ,  t h e  e r ro r  w a s  13.1 percent. For t h e  spherical  atmosphere the  limb 
peak w i l l  be reached at  about 71°, whereas f o r  t h e  plane-parallel  atmosphere 
t h e  limb continues i t s  gradual climb and passes TO0 toward i n f i n i t y  a t  90'. 
dropping t h e  akt i tude of t h e  observer from 400 t o  200 kilometers, t he  zenith 
angle at which the e r r o r  i s  13 percent i s  approximately 63'. Therefore, t he  
e r r o r  at  a given zenith angle i s  dependent e n t i r e l y  on t h e  a l t i t u d e  of t h e  
observer. 

Figure 16 shows t h e  spec t ra l  radiance f o r  the  spherical  

A t  60' zenith angle and 400-kilometer 

By 

CONCLUDING REMARKS 

The equation f o r  t h e  radiance i n  the  middle u l t r av io l e t  region emerging 
from t h e  top of a 200-kilometer-thick spherical  atmosphere has been derived 
from t h e  geometry and the  physics of Rayleigh sca t te r ing  and ozone absorption. 
Calculations were made which exhibited t h e  e f f ec t s  of various wavelengths, sun 
orientations,  and ozone d is t r ibu t ions  on the  emerging radiance of  a scan of  
t h e  ea r th ' s  disk.  

It has been shown t h a t  t he  scattering-angle e f f e c t  i s  a powerful phenom- 
enon and determines the  shape of t h e  radiance scan. This e f f e c t  w a s  even more 
noticeable f o r  t h e  limb r e s u l t s  than f o r  t he  on-earth r e su l t s .  Therefore, t he  
knowledge of t h e  sun's or ien ta t ion  i s  even more important i n  predicting the  
emerging radiance. 

I n  t h e  high absorption region of t h e  middle u l t r av io l e t  it has been shown 
t h a t  t h e  a l t i t u d e  and in t ens i ty  of t he  limb radiance peak i s  extremely sens i t ive  
t o  the  ozone d i s t r ibu t ion  above 60 kilometers. 
more precise  measurements of t h e  ozone d i s t r ibu t ion  i n  t h i s  region are 
necessary. 

This s e n s i t i v i t y  indicates  t h a t  
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The calculations gave 60 kilometers as the tangent altitude of the peak 
of the emerging spectral radiance for 0 . 2 6 ~ .  
than 0 . 2 6 ~  peaked at lower altitudes. 

Radiations at wavelengths other 

The density of the atmosphere above 100 kilometers was too low for Rayleigh 
scattering to be an effective contributor in the middle ultraviolet region. 
Therefore, an observer at 100 kilometers could essentially see the entire 
emerging radiance from the nadir. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 14, 1964. 
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Figure 1.- The geometry of a scan. 
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Figure 2.- The problem geometry. 



Figure 3.- The geometry at the observer. 
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Figure 4.- The geometry of s o l a r  zenith angle. 
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Figure 6.- Rayleigh scat ter ing and absorption coefficients.  (Data from ref. 9, tables 16-15 
and 16-16n.) 
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Figure 8.- Solar spectral irradiance. 
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Figure 9.- Nadir radiance for middle ultraviolet wavelengths. 
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Figure 15.- The contribution from di f fe ren t  a l t i t udes  t o  the  t o t a l  emerging radiance a t  various 
wavelengths using 03 curve A fo r  the  nadir. 
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Figure 16.- Comparison of the 0 . 2 6 ~  spectral radiances from the plane-parallel and spherical 
atmospheres for Bo = Oo and using Green's 03 distribution. 
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